This study reports the results of a large number of hearing-aid outcome measures obtained from 173 elderly hearing-aid wearers following one month of hearingaid use. All participants in this study were fit binaurally with identical full-concha in-the-ear (ITE) hearing aids having linear Class-D amplifiers with output-limiting compression. Outcome measures included several measures of speech recognition, as well as several self-report measures of hearing-aid performance, benefit, satisfaction, and use. Comparison of mean data from this sample of hearing-aid wearers to other larger sets of data, obtained previously for several of these measures of hearing-aid outcome evaluated in isolation, indicated that the participants in this study were representative of the participants in other largerscale studies. Subsequent principal-components factor analysis of the data from this study indicated that there were seven distinct dimensions of hearing-aid outcome. Attempts to document the effectiveness and efficacy of hearing aids for elderly persons with impaired hearing will be most complete when assessing performance along all seven dimensions of hearing-aid outcome. Clinically efficient procedures for doing so are discussed.
understand the impact of the hearing aid on the listener's auditory performance, both immediately after delivery and over several weeks or months of use.
As noted previously (Humes, 1999) , most often a specific domain or dimension of hearing-aid outcome has been targeted in prior studies, rather than a wide range of outcome measures. For example, some studies have focused on subjective or self-assessment scales of hearing aid benefit; others have concentrated on objective measures of benefit, such as improvements in speech-recognition abilities; whereas still others have opted to measure hearing-aid satisfaction or hearing-aid use. Occasionally, researchers have examined two such measures in the same hearing-aid wearers, but seldom have more than two potential domains of hearing-aid outcome been examined concurrently in the same study.
As a result, it is unclear exactly how many unique or distinct domains of hearing-aid outcome might exist. Perhaps there is just one domain and all measures conceived to date are sampling outcome along that same domain. This seems unlikely in that even those studies that have examined just two domains, such as subjective, self-assessed benefit and objective benefit (improvement in speech-recognition scores), have found that each of these measures provides unique information (e.g., Cox & Alexander, 1992) . In fact, post hoc factor analyses of several large-scale clinical trials reported recently by Humes (1999) indicate that there may well be five or more distinct dimensions or domains of hearing-aid outcome.
The present study addressed this issue by obtaining a large number (ultimately 26) of hearing-aid outcome measures from a reasonably large group of elderly hearing aid wearers (N = 173) following 1, 6, and 12 months of hearing-aid use. This report focuses only on the data obtained following one month of hearing-aid use. That is, the primary purpose of this paper is to estimate the number of distinct dimensions of hearing-aid outcome. Because of federal regulations regarding purchase of hearing aids with a "30-day trial period," the one-month post-fit interval is probably the single most common point of measurement of hearing-aid outcome measures clinically. As this large-scale, longitudinal study is still on-going with some of those participants tested at 1-month post-fit yet to reach their 6-or 12-month post-fit measurement points, the stability of the analyses reported here will be addressed in a subsequent paper.
Method Participants
The participants in this study were recruited for a large-scale, longitudinal study on hearing aid outcome measures via newspaper ads, flyers posted in the community, printed announcements in church/synagogue bulletins, and word of mouth. All participants enrolled in the study met the following selection criteria: (a) age between 60 and 89 years; (b) hearing loss that was flat or gently sloping (from 250 to 4000 Hz, no inter-octave change in hearing thresholds of more than 20 dB); (c) hearing loss that was of sensorineural origin (normal tympanometry and air-bone gaps no greater than 10 dB at three or more frequencies); (d) hearing loss that was bilaterally symmetrical (interaural difference within 30 dB at all octave and half-octave intervals from 250 to 4000 Hz); (e) pure-tone thresholds within the following ranges: 5-85 dB HL (ANSI, 1989) at 250 Hz, 5-85 dB HL at 500 Hz, 10-90 dB HL at 1000 Hz, 20-95 dB HL at 1500 Hz, 25-95 dB HL at 2000 Hz, 30-120 dB HL at 3000 Hz, 30-120 dB HL at 4000 Hz, and 30-120 dB HL at 6000 Hz; (f) no known medical or surgically treatable ear-related condition; (g) no known fluctuating or rapidly progressing hearing loss; (h) no cognitive, medical, or language-based conditions that might have limited the participant's ability to complete the procedures used in the longitudinal study of outcome measures; (i) no use of medications that could affect hearing or cognition; and (j) completion of a signed medical clearance form, or waiver of such, by the participant and a signed informed consent form.
Over the first 2 years of this study, over 350 individuals have been recruited as potential participants, and 205 have met the selection criteria and are at various stages of completion in the large-scale, longitudinal study. The present study reports on a group of 173 of these individuals, who represent all the participants to have completed a variety of measures at various times throughout the first month of enrollment in the longitudinal study. The 173 participants, of whom 118 were men and 55 were women, had a mean age of 73.1 years (SD = 6.5 years). The median educational level for this group of 173 participants included some college after high school. All participants reported that they lived independently at home alone (22.5%), with a spouse (71.1%), or with another family member (6.4%). Fifty-seven percent of the participants reported that they participated in social activities with family or friends on an almost daily basis, 36% on a weekly basis, and 7% on a monthly basis. Regarding attendance at activities, such as religious services, movies, theater, sports events, or lectures, 75.1% did so on a weekly basis, 20.8% on a monthly basis, and 4% at least twice per year. In general, the participants had many opportunities to wear and benefit from their hearing aids in their daily living activities.
In Figure 1 the mean air-conduction hearing thresholds (circles) and loudness discomfort levels (inverted triangles) for each ear of the 173 participants are plotted. Standard deviations ranged from 13.1 to 16.1 dB across frequency and ears. The vertical lines above and below selected mean pure-tone thresholds for each ear in Figure 1 represent the smallest and largest standard deviations for that ear. Loudness discomfort levels were measured using the scaling categories and instructions described by Hawkins, Walden, Montgomery, & Prosek (1987) and an ascending approach with 5-dB step size. Corresponding mean speech-recognition thresholds (SRTs) and word-recognition scores in quiet, obtained with the Auditec recordings of the NU-6 materials (Tillman & Carhart, 1966) at 40 dB SL (re: SRT), are also depicted in Figure 1 . All audiologic measurements were obtained using ER-3A insert earphones.
Regarding prior hearing aid use, 60.7% of the participants had not previously worn conventional hearing aids. Approximately two-thirds of the experienced hearing-aid users had worn hearing aids for 4 or more years, 55% were binaural users of amplification previously, and about 81% reported using their hearing aids at least 4 hours per day.
Participants paid the full purchase price for the pair of hearing aids at the time of delivery (with only a few exceptions, who, in accord with customary clinical practices, purchased the aids on a deferred payment plan). Participants who returned for a series of follow-up measurements at the 2-week, 1-month, 6-month, and 1-year post-fit intervals were paid $150 per session. Those who returned for all four follow-up sessions could effectively recover approximately 40% of the cost of the hearing aids.
Procedures
Following audiologic testing, participants returned for an extensive battery of cognitive, psychological, and auditory tests administered before hearing aid delivery. These sessions were completed over a series of five 90-to 120-minute sessions. Once this pre-fit testing was completed, the participants returned for the initial fit and delivery of their hearing aids. Based on the previously obtained audiologic information and using the Hearing Aid Selection Program (HASP,Version 2.07) fitting software (produced and distributed by the National Acoustics Laboratories [NAL]), NAL-R targets-including corrections to targets for severe or profound hearing loss (Byrne et al., 1990 )-were generated for each ear, and the corresponding circuit was selected and ordered. The HASP software returns a variety of targets, including real-ear insertion gain and full-on coupler gain. The latter was adjusted downward by the 10-dB reserve gain incorporated into the HASP software to create recommended coupler-gain values.
All hearing aids made use of linear circuits with output-limiting compression and Class D amplifiers. All instruments were full-shell, in-the-ear (ITE) devices and included a telecoil switch on one instrument (determined by the wearer's preference). Active tone (low-cut only) and output-limiting controls, adjustable select-a-vent venting, and wax guards were included on all devices. The volume-control wheels were marked by the manufacturer with a small white dot at the perimeter to provide a visual reference for its position and adjustment. All hearing aids were made by the same manufacturer.
Using real-ear insertion gain targets for the NAL-R prescription formula incorporated in the HASP fitting software, the clinician adjusted the settings of the controls and vent to achieve the closest match possible to target gain for a 60-dB-SPL swept pure-tone signal using Figure 1 . Mean air-conduction pure-tone thresholds (circles) and loudness discomfort levels (inverted triangles) for left and right ears (top and bottom panels, respectively). Thin vertical lines through circles in each panel represent one standard deviation above and below the mean and represent both the smallest and largest such standard deviations for each ear. SRT = speech-recognition threshold for spondees, and WRS = word-recognition score for monosyllabic words.
either Frye 6500 or Audioscan real-ear measurement equipment. Matching criteria were ±10 dB from 250 to 2000 Hz and ±15 dB at 3000 and 4000 Hz. If a match could not be obtained using these fairly broad matching criteria, the participant was not permitted to continue in the study. In fact, no participants were eliminated from the study for this reason, and the quality of the matches to target gain were considerably better than the broad exclusion criteria cited above, as will be seen below. A previous report from this project (Humes, Barlow, Garner, & Wilson, 2000) on 55 participants followed for a full year demonstrated that (a) users consistently preferred a gain setting that was typically 6-9 dB below that prescribed; (b) the experimenters were able to return the volume control for all aided measurements to a consistent position that matched more closely the prescribed target gain for subsequent aided testing; and (c) problems, such as dead batteries, cerumen blockage of receiver port, and the like, were relatively uncommon. For more details regarding the gain measurements and adjustment procedures, the reader is referred to Humes at al. (2000) .
Following the delivery of the hearing aids and their initial fitting by the clinician, a hearing-aid orientation was conducted in which the following general topics were reviewed with each participant: (a) matters pertaining to the hearing aid purchase (user manual, warranty, 30-day trial period); (b) location and function of hearing aid components (microphone, volume control, battery door, telecoil switch, wax guard, etc.); (c) hearing-aid battery (size, type, insertion and removal, etc.); (d) demonstration and practice in hearing aid insertion and removal; (e) demonstration and practice in care of hearing aids; and (f) counseling regarding benefits and limitations of amplification, communication strategies to optimize benefit, and instructions about the completion of a daily hearing-aid use diary. Participants were instructed to use their hearing aids at least 4 hours per day and to begin use in easier listening conditions (quiet, one-on-one conversation, etc.) when possible.
Each participant returned 2 weeks later for a follow-up session. At the beginning of this session, gain measurements were again made in the coupler to evaluate the instruments; and the aids were removed, inspected, and subsequently adjusted as needed to restore their function to that recorded in the initial session. The hearing-aid use diary was collected, photocopied, and returned to the participant. The participant was also instructed to increase minimum daily hearing aid use to at least 6 hours.
It was also during this 2-week follow-up session that all unaided measures of speech recognition were completed. A total of 12 unaided speech-recognition scores were obtained during this 2-week follow-up session. There were four basic test conditions, but in each condition scores were obtained in the sound field from the right ear, the left ear, and then binaurally. For monaural testing, the nontest ear was occluded with a foam earplug. (Monaural unaided testing was included to permit examination of alternative definitions of objective hearing-aid benefit in subsequent analyses not reported here.) The four test conditions were as follows: (1) CUNY Nonsense Syllable Test (NST; Levitt & Resnick, 1978) presented at an overall level of 65 dB SPL and a +8 dB speech-to-noise ratio (SNR) using the recorded cafeteria noise supplied with the NST as the competition; (2) Connected Speech Test (CST; Cox, Alexander, Gilmore, & Pusakulich, 1988) presented at an overall level of 50 dB SPL in quiet; (3) CST presented at an overall level of 65 dB SPL and an SNR of +8 dB using the recorded multi-talker babble provided with the CST; and (4) CST presented at an overall level of 80 dB SPL and an SNR of 0 dB. The particular combinations of speech level and SNR were selected to cover a range of anticipated "real world" listening conditions as suggested recently by Walden (1997) with the actual stimulus values based on the data of Pearsons, Bennett, and Fidell (1977) . All speech materials were commercially available recorded versions. For the NST the full 102-item, 11-subtest version was used; and for the CST each score was based on two consecutive passages, with each passage containing 25 key words for scoring. Different forms of the NST and different passages of the CST were used for each condition. The speech signal for all speech-recognition measurements was presented from a loudspeaker (Radio Shack Optimus 7) located one meter in front of the participant at 0 degrees azimuth and elevation, whereas the noise competition was delivered from an identical loudspeaker located one meter behind the participant at 180 degrees azimuth and 0 degrees elevation. For the NST, the participant marked the syllable heard on a large-font answer sheet containing 7-9 alternatives that differed from the stimulus by only one phoneme. For the CST, before testing began the participant was provided with the passage topic and was encouraged to guess if uncertain about what was heard. After each sentence of the passage, there was a pause in the presentation of the speech signal and the participant orally repeated what he or she had heard. Using an orthographic representation of the passage, the experimenter proceeded to score the participant's response using the highlighted keywords.
Approximately 2 weeks later, the participant returned for the 1-month follow-up visit. The hearing aids were again examined, evaluated in the testbox, and adjusted as needed to return their function to the target levels from the initial fitting session. Next, aided speechrecognition measures were obtained for the four test conditions outlined in the preceding paragraph, but only for the binaural listening condition. Thus, one NST and three CST scores were obtained in this session with the participant wearing both hearing aids, each adjusted in the testbox to match the electroacoustic performance recorded in the initial fitting session. Test forms (NST) and passages (CST) not used previously were employed in this session.
In addition to aided speech-recognition measures, each participant completed six sets of surveys, questionnaires, or scales to provide subjective measures of benefit, satisfaction, use, and sound quality. Measures were chosen to span a wide range of potential dimensions or aspects of hearing-aid outcome while concurrently having demonstrated reliability. The following five surveys or questionnaires were completed by each participant in the same order using a pencil-and-paper response format: (1) Hearing Aid Performance Inventory (HAPI; Walden, Demorest, & Hepler, 1984) ; (2) Hearing Handicap Inventory for the Elderly (HHIE; Ventry & Weinstein, 1982) ; (3) MarkeTrak IV (Kochkin, 1997) hearing-aid satisfaction survey, referred to hereafter as the Hearing Aid Satisfaction Survey (HASS); (4) closed-set version of the Glasgow Hearing Aid Benefit Profile (GHABP; Gatehouse, 1999) ; and (5) a precursor to the GHABP that included an assessment of the hearing aid in 14 common listening situations.
The GHABP entails four prototypical listening situations and four open-format listening situations that are established with the patient during an interview as being important listening situations. For each of these eight listening situations, seven different assessments are provided by the participant. The first assessment simply asks whether the described listening situation occurs in the participant's everyday life. If not, the experimenter proceeds to the next listening situation. However, if the listening situation does occur, then six additional assessments are provided. The first two of these assess unaided listening and inquire about the perceived disability and handicap. The remaining four pertain to aided listening conditions and ask about hearing-aid use, benefit, satisfaction, and aided disability. The latter measure is converted into a measure of derived benefit by examining the difference between the rating of initial unaided disability and the aided disability. Five-point rating scales are used for each of the six assessments, with a rating of 1 being the lowest degree (of disability, handicap, usage, satisfaction, or benefit) and a rating of 5 being the highest. Scores from 1 to 5 are then transformed by subtracting one unit value from each rating (0 to 4) and then multiplying by 25 (0 to 100). In this study, a shortened version of the GHABP was used in which only the four pre-specified prototypical listening situations were employed. Four patientspecific listening situations were not constructed.
In addition to the shortened, closed-set version of the GHABP, this study made use of a precursor to the finished GHABP measure, referred to by Gatehouse (1999) as the Hearing Disability and Aid Benefit Interview (HDABI). This measure, as used here, however, is referred to as the Hearing Activity Questionnaire (HAQ). For the HAQ, 14 listening situations are specified and include "listening to music," "talking on the telephone," and "having a conversation with someone at a large noisy gathering." For each of these hearing activities, three questions are asked: (1) How often does this situation occur for the individual? (five answers ranging from "every day" to "never"); (2) Does the individual wear his or her hearing aids? (five answers ranging from "always" to "never"); and (3) How helpful are the hearing aids? (five answers ranging from "very helpful" to "hinders"). For each of these three questions, the most positive of the five answers was assigned a point value of 1.0, and the most negative answer was assigned a value of 5.0. Thus, lower scores indicate greater frequency of occurrence for these 14 listening situations, greater hearing aid use, and greater hearing aid benefit.
The sixth and final subjective measure included in the one-month follow-up session made use of sound-quality judgments following the procedures of Gabrielsson, Schenkman, and Hagerman (1988) . In this procedure, listeners were presented with acoustic stimuli in the sound field and rated the stimuli on eight different dimensions of sound quality (loudness, spaciousness, brightness, etc.) using a 10-point rating scale. For each of the eight sound-quality dimensions, a one-sentence description of the dimension from Gabrielsson et al. (1988) was provided. Participants completed the quality ratings in the binaurally aided condition only, which used the same configuration of loudspeakers as described previously for speech-recognition testing. Various speech and music stimuli were used for these quality judgments, with participants listening to 60 s of the material before completing a rating on one of the eight quality dimensions used. Thus, it took approximately 8 minutes to collect a complete set of quality ratings for a particular stimulus. There were two speech and two music conditions included in this session. For speech, connected discourse from the Speech Intelligibility Rating (SIR) test (Cox & McDaniel, 1989 ) was presented at an overall level of 65 dB SPL in quiet and against the SIR noise competition at an SNR of +8 dB. The two music conditions made use of several 1-min segments of a commercial recording of classical music performed by a symphony orchestra. Each 1-min passage was equated in peak level (±2 dB) and in the variation of rms sound levels (30 dB) within the passage. A calibration noise, matched to the peak level of the passages, was used to specify the presentation levels for the music materials. Music stimuli were presented at peak levels of 75 and 90 dB SPL (levels varying within a passage from 45 to 75 dB SPL and from 60 to 90 dB SPL, respectively). Music stimuli were always presented in quiet and from the loudspeaker located at 0 degrees azimuth and elevation. Testing order for sound-quality judgments was as follows: (a) practice trials for speech in quiet using randomly selected nontest SIR passages; (b) speech in noise; (c) speech in quiet; (d) practice with music at 82 dB SPL (level midway between those to be used); (e) music at 75 dB SPL peak level; and (f) music at 90 dB peak level. Volume-control position was adjusted to restore clinicianfit target gain, as measured electroacoustically in the testbox, before performing the sound-quality ratings. Figure 2 shows the means and standard errors for the four measures of speech recognition included in this study and for both the unaided (black bars) and aided (gray bars) listening conditions. As expected, there are differences across the various test conditions. For example, NST scores obtained for a 65 dB SPL speech level and a +8 dB SNR, shown at the far left, are lower than the scores obtained for meaningful sentences on the CST at the same speech level and SNR (third set of bars from left). This is true for both the aided and unaided condition. In addition, for the same sentence-type testing with the CST, the highest aided scores and the greatest relative improvement or benefit from unaided to aided listening conditions occurs for the conditions with the most favorable SNR. However, because overall speech level and SNR co-varied in this set of realistic test conditions, the observed pattern of results for the CST could be due to overall presentation level rather than SNR. A similar pattern of performance across comparable test conditions has been observed for the CST by Pavlovic (1998, 1999) .
Results and Discussion
Perhaps of greater interest is the relative benefit observed for each condition in Figure 2 . As indicated by the asterisks above the vertical bars in Figure 2 , differences between mean unaided and aided speech-recognition scores were significant (p < .01) in three of the four test conditions. (Here and elsewhere, when multiple comparisons were made, Bonferroni adjustment of the significance level was employed.) Paired-sample t values for the NST and the CST at 50 dB and 65 dB SPL were -11.8, -13.6, and -4.5, respectively. At the highest speech level (80 dB SPL) and poorest SNR (0 dB), the difference between means for aided and unaided listening was not significant (t = 1.46, p > .10). Again, similar patterns have been observed previously for similar test conditions and patient samples (Walden et al., 1998 (Walden et al., , 1999 .
Means and standard errors for the HHIE, emotional and social subscale scores, as well as total scores, are shown in Figure 3 for unaided pre-fit (black bars) and aided post-fit (gray bars) listening conditions. Pairedsample t tests indicated that the aided HHIE scores were significantly (p < .01) lower than unaided scores for the emotional subscale, the social subscale, and the total HHIE score (t = 7.65, 8.21, and 8.47, respectively) . Thus, after one month of hearing-aid use, the perceived hearing handicap had been reduced significantly. This has been observed previously following comparable durations of hearing-aid use (Humes et al., 1996; Malinoff & Weinstein, 1989; Taylor, 1993) . Figure 4 depicts the means and standard errors from this study (black bars) for the HAPI, a subjective measure of hearing-aid benefit, as a function of HAPI subscale. The subscales represent the self-assessed hearing-aid benefit perceived by the participants for speech in noise, speech in quiet, speech with reduced visual or temporal cues, and for nonspeech stimuli such as music. In general, across all subscales, hearing aids were judged to be "helpful." However, the perceived benefit provided by hearing aids varied significantly across subscales, as confirmed with a repeated-measures analysis of variance [F(1, 172) = 58.1, p < .01]. Post hoc pairwise comparisons with t values adjusted for multiple comparisons (Bonferroni) revealed that all possible pairwise comparisons were significant (p < .01) except the difference between the Speech-No Cues and Nonspeech subscales. Thus, the hearing aids were considered to be most helpful in quiet listening conditions, significantly less helpful for speech with reduced cues or for nonspeech stimuli, and least helpful for speech in noise. Similar results have been obtained previously by Walden et al. (1984) as shown by the gray bars in Figure 4 . The participants (N = 128) in the study by Walden et al. (1984) had audiologic profiles similar to those of the subjects in this study but were about 12 years younger, on average. Figure 5 depicts the results from the abbreviated version of the GHABP developed by Gatehouse (1999) . The scores corresponding to the 25th percentile, median, and 75th percentile from the present study are shown by the "X" symbols and were computed using the scoring system developed by Gatehouse (1999) for this selfassessment scale. Data are shown for only 153 participants because 20 of the participants indicated that one or more of the four prototypical prescribed listening situations did not occur in their lives; this precluded completion of the remaining six items for that particular listening condition and subsequent use of their data. For comparison purposes, similar quartile values for the complete version of the GHABP reported by Gatehouse (1999) for 293 hearing-aid wearers are represented by the dotted lines. The similarities across the two sets of data are striking, especially for three of the four assessments of hearing-aid outcome (benefit, satisfaction, and derived benefit). For the other measure of hearing-aid outcome (hearing-aid use) and the two measures of prefit condition (initial disability and hearing handicap), the participants in this study tended to have slightly higher values than those in Gatehouse (1999) . That is, the participants in this study, on average, had slightly higher perceived disability and handicap unaided and wore their hearing aids more than those participants in Gatehouse (1999) . Caution should be exercised, however, when making these comparisons because the scores from Gatehouse (1999) are for the full version of the GHABP, including the four patient-defined listening situations, whereas the scores from the present study only made use of the four prescribed listening situations. Nonetheless, the GHABP scores for the participants in this study appear to be "typical" of those described previously for a similar group.
For purposes of subsequent data analyses, five measures of hearing-aid outcome were derived from the GHABP results by simply computing an arithmetic mean rating (ranging from 1 to 5) across the four prescribed listening situations for each of the five original aided assessments (usage, benefit, aided disability, satisfaction, and derived benefit). The mean rating for the usage item of the GHABP was 3.90, indicating that the participants wore their hearing aids about 75% of the time across the four listening situations. For the subjective-benefit item, the mean score was 2.99, reflecting a mean self-assessment that the "hearing aid was quite helpful" across the four prototypical listening situations. Regarding residual aided disability, the mean rating was 2.06, indicating that the wearers had "only slight difficulty" across the four listening situations while wearing their hearing aids. The mean satisfaction rating of 3.22 is closer to a rating of "reasonably satisfied" (3.0) than to one of "very satisfied" (4.0) on the GHABP. Finally, a mean derived benefit score of 0.89 indicates that aided disability was reduced relative to unaided disability by close to one full rating-scale value. Given standard errors ranging from 0.04 to 0.08 scale units, a reduction of disability by 0.89 units is clearly a significant reduction. Thus, across the various aspects of hearing-aid outcome assessed by the GHABP, the hearing aids have a generally positive or beneficial impact. Regarding the reliability of each of these GHABP scales, Cronbach's alpha reliability coefficients for each of the 5 four-item GHABP scales were 0.64 (aided disability), 0.78 (benefit, satisfaction, and derived benefit), and 0.84 (use). Interscale correlations were generally low to moderate in strength (0.11 < r < 0.62) with one exception. The correlation between the subjective benefit and satisfaction scales of the GHABP was 0.81. Thus, each of the GHABP measures is moderately reliable (i.e., has moderate internal consistency), and each is fairly independent of the other, except for the subjective benefit and satisfaction scales.
The mean scores on another subjective outcome measure, the Hearing Activity Questionnaire (HAQ), are shown in Figure 6 for 172 participants (data were missing for one participant on this measure). From the HAQ, three separate scales were derived: one for the frequency of occurrence of the 14 listening situations included in the HAQ (LS Frequency), one for the amount of hearing aid usage in each situation (HA Use), and one for the perceived hearing-aid benefit across all 14 listening situations (HA Benefit). Recall that low scores indicate more positive responses than higher scores on the HAQ. The mean values for the HAQ scales in Figure 6 are associated, for example, with an average listening situation frequency of "1-2 times a week," use of the hearing aid across these 14 listening situations "often," and with a general perception of the hearing aids as being "helpful." To evaluate the reliability of each of these 14-item HAQ scales, Cronbach's alpha interitem reliability coefficients were calculated once again. Alpha coefficients were 0.72, 0.92, and 0.89 for the LS Frequency, HA Use, and HA Benefit scales of the HAQ, respectively. Given the somewhat low reliability or internalconsistency coefficient for the LS Frequency scale and the subsequent exploration of various weighted combinations of scales, it was decided to focus only on the HA Use and HA Benefit scales of the HAQ in subsequent data analyses. The scores on these two HAQ scales were moderately correlated (r = 0.44). Hence, these two HAQ scales were reliable, or internally consistent, and reasonably independent measures of outcome.
The primary measure of hearing aid satisfaction in this study, the HASS, was essentially the MarkeTrak IV consumer-survey instrument developed by Kochkin (1997) . Recently, Kochkin (2000) published "norms" for an updated version of this survey, referred to as MarkeTrak V, for 524 hearing aid purchasers who shared many of the characteristics of the participants in this study. Figure 7 provides an item-by-item comparison of the present data to MarkeTrak-V norms for those items common to both MarkeTrak IV (black bars) and V (gray bars). The similarity in mean data across the two sets of data is striking, with the only obvious difference in reported satisfaction apparent for the third item from the top in the left panel of Figure 7 . For this item, the MarkeTrak V norms indicate that users are generally "satisfied" (rating of 4.0) with the "frequency of cleaning" Mean satisfaction ratings for individual items on the Hearing Aid Satisfaction Survey (HASS) used in this study (black bars) compared to normative data reported by Kochkin (2000) for an updated version of the same satisfaction survey (MarkeTrak V, gray bars).
their hearing aids, whereas the participants in this study were "very satisfied" (rating of nearly 5.0) with this aspect of their hearing aids. Perhaps this was due to the universal use of a wax guard in this study. In general, however, the participants in the present study, as a group, appear to be representative of "typical" hearing-aid wearers in terms of hearing-aid satisfaction.
Based on consideration of various analyses of the HASS data, including examination of item-correlation matrices, factor analyses, reliability assessments, and experimenter assessment of content validity, the HASS data ultimately were reduced to two scales derived from the 42 items of the HASS. One HASS subscale consisted of the 13 dispenser-related items (HASS-disp), and the other consisted of the remaining 29 items pertaining to hearing aid features or listening conditions (HASS-global). The Cronbach's alpha reliability or internal-consistency coefficients for these two measures were 0.92 (HASS-disp) and 0.95 (HASS-global), with an interscale correlation of 0.42. Each scale was reliable and offered a relatively independent measure of hearing-aid satisfaction.
The mean ratings for the Judgment of Sound Quality (JSQ) measurements are provided in Figure 8 . Each of the eight quality dimensions is located along the abscissa, and the four vertical bars represent the mean ratings for the four stimulus conditions for each of the eight quality dimensions. The thin vertical lines atop each vertical bar represent one standard error above the mean. Because it is not the case that higher ratings reflect better sound quality on each dimension (for example, a rating of "10" on the loudness scale would indicate that the stimulus was too loud, not of optimal or ideal loudness), the "normal-hearing ideals" from Gabrielsson et al. (1988) have been added to this figure as unfilled circles for reference. These values represent the scores obtained from a group of normal-hearing Figure 8 . Mean sound-quality ratings for each stimulus in this study (vertical bars) and "ideal" values for normal-hearing young adults (unfilled circles) from Gabrielsson et al. (1987) as a function of each of the eight dimensions of sound quality included. Vertical bars represent sound-quality measures for one of four stimulus conditions: (1) speech at 65 dB SPL in quiet, (2) speech at 65 dB SPL in noise at a +8 dB SNR, (3) music presented at a peak level of 75 dB SPL, and (4) music presented at a peak level of 90 dB SPL. Thin vertical lines atop each vertical bar indicate one standard error above the mean.
young adults listening to a wide range of stimuli through a high-quality sound system. In general, the two conditions in this study making use of speech as the stimulus, especially speech in quiet (black bars), come closest to these normal-hearing norms or "ideals." As might be expected, the higher-intensity music stimuli in this study were judged to be considerably louder, nearer, and less soft than the three other stimuli. However, the quality ratings for the 90-dB music samples are underestimates of the "true" rating for this group of listeners. Note that the data appearing in Figure 8 are from only 149 of the 173 participants. For 24 of the listeners, the 90-dB music condition was too loud, and the measurements were discontinued. As a result, the estimates of loudness, nearness, and softness provided in Figure 8 would likely be even more extreme had it been possible to collect these additional data for the 90-dB music stimuli. Because of the high percentage of missing data for this condition, however, the JSQ ratings for the 90-dB music stimuli for all participants were eliminated from further consideration.
Again, based on consideration of various analyses of the JSQ data, including correlation matrices, factor analyses, reliability assessments, and experimenter assessment of content validity, two scales were developed ultimately from the 24 items (8 quality dimensions × 3 stimulus conditions) of the JSQ measure. One JSQ measure represents the three judgments using the "softness" quality dimension (JSQ-soft), and the other represents the remaining 21 judgments of sound quality (JSQ-global: 3 stimuli × 7 quality dimensions). The Cronbach's alpha reliability or internal-consistency coefficients for these two scales were 0.55 for JSQ-soft and 0.90 for JSQglobal, whereas the interscale correlation was 0.24. Although the reliability of the JSQ-soft scale is marginal, because it appeared to be measuring something not captured by the other JSQ measures, as supported by the weak interscale correlation, it was decided to retain both JSQ scales for subsequent data analyses.
For hearing-aid use, the primary measure was the "usage diary" maintained during the study by the participant. These diaries were collected by the experimenter after one month of hearing-aid use, and the hours of hearing-aid use per day were entered into a spreadsheet. The total hours of hearing aid use was then divided by the number of days of hearing aid use to compute the average daily hearing aid use for the group. The mean daily hearing-aid use for the participants in this study was 9.03 hours (SD = 3.47 hours). In addition, as noted previously, both the GHABP and the HAQ also include independent measures of the proportion of hearing-aid use. Thus, there were three measures of hearing-aid use in this study.
In summary, data were available for a total of 26 hearing-aid outcome measures. The final set of outcome measures from this study are listed in Table 1 . These measures include 4 measures of objective performance, 4 measures of objective benefit, 2 measures of subjective performance, 8 measures of subjective benefit, 2 measures of sound quality, 3 measures of hearing aid satisfaction, and 3 measures of hearing-aid use.
Of the 173 participants in this study, 148 (85.5%) had valid data values for every one of the 26 outcome measures. As a result, rather than attempt to use one of several approaches to replace missing or invalid data scattered randomly throughout the data set, only the data from these 148 participants were analyzed further. These data were submitted to a principal-components factor analysis to determine the number of independent factors or dimensions of hearing-aid outcome within the set of 26 outcome variables (see Humes, 1999) . Only factors yielding eigenvalues > 1.0 were extracted. The factor analysis identified a total of 7 factors that accounted for 70.8% of the variance in the set of 26 hearing-aid outcome measures.
After the initial factors have been extracted from the analysis, the factors can then be rotated in various ways to optimize their interpretation. There are numerous approaches to factor rotation available to the researcher, each with associated pros and cons (Thurstone, 1947; Pedhazur & Schmelkin, 1991) . For principal-components factor analysis, however, rotation schemes fall into one of two categories: orthogonal or oblique. For orthogonal factor rotation, the resulting factors are independent. That is, the correlation matrix for rotated factor scores will consist of zeroes for all off-diagonal entries in the matrix. As a result, orthogonal rotation of factors often leads to the simplest interpretation of factors, but not necessarily one that is most realistic (Pedhazur & Schmelkin, 1991) . Among rotation procedures that yield orthogonal factors, varimax rotation typically provides the clearest interpretation of factors. In oblique factor rotation, on the other hand, it is possible for the resulting factors to be correlated to one another. That is, the correlation matrix for rotated factor scores for oblique rotation need not necessarily consist of zeroes for all off-diagonal entries in the matrix. Oblique factor rotation, although often resulting in more challenging interpretations of the underlying factor structure, is often considered to be more realistic or representative than orthogonal rotation (Thurstone, 1947) . Just as was the case for orthogonal factor rotation, there are also several schemes available for oblique factor rotation. However, promax rotation appears to yield the most stable or replicable factor solution for oblique rotation (Pedhazur & Schmelkin, 1991) .
In the present analyses, both orthogonal and oblique factor-rotation schemes were examined and are presented here. Varimax rotation was used for orthogonal rotation and promax for oblique rotation. It should be emphasized, however, that both rotation schemes are tools to assist with the interpretation of the underlying factor structure. Neither the number of factors that emerge nor the total variance accounted for by the solution, for example, are affected by factor rotation, regardless of the rotation method chosen.
As noted, the principal-components factor analysis identified a total of seven factors that accounted for 70.8% of the variance in the set of 26 hearing-aid outcome measures. Given the large number of variables included and the somewhat subjective nature of many of these measures, the high percentage of variance accounted for by the factor solution indicates an excellent fit to the data. The matrix of factor loadings resulting from varimax rotation of orthogonal components is provided in Table 2 . Based on these loadings, the seven independent factors of hearingaid outcome were readily identifiable by the authors as (1) subjective benefit and satisfaction (22.7% of total variance in rotated solution); (2) aided performance (speech recognition and hearing handicap: 12.2%); (3) hearing-aid use (11.6%); (4) objective benefit for soft or conversational speech (7.5%); (5) speech communication at high levels in noise (6.0%); (6) reduction of hearing handicap (5.8%); and (7) judgments of sound quality (4.9%).
There are several noteworthy features in the resulting orthogonal factor solution. First, the existence of seven independent dimensions of hearing-aid outcome means that attempts to capture "hearing aid outcome" fully must include at least one measure from each dimension. Including more than one measure within a particular dimension is unnecessary unless a particular measure is somewhat unreliable. In that case, although an additional test within a given dimension will not add new information, it could enhance the reliability of the information provided regarding that dimension. Second, although measures of subjective benefit and hearing-aid satisfaction appear to be quantifying the same thing (i.e., both measures associated with the first factor identified), such measures are not redundant with measures of hearingaid use or measures of objective benefit. This has been reported previously by various investigators (Cox & Alexander, 1992; Humes, 1999; Humes et al., 1997 Humes et al., , 1999 Walden et al., 1998 Walden et al., , 1999 . Third, objective benefit is not a unitary concept in that the benefit measured for soft or conversational levels of speech in quiet or typical signal-to-noise ratios is a measure that is unrelated to speech communication taking place at high speech and noise levels (both in terms of absolute performance levels and relative improvement from unaided to aided listening). This has also been reported in various contexts previously (Humes et al., 1994; Humes et al., 1997 Humes et al., , 1999 Walden et al., 1998 Walden et al., , 1999 . Fourth, although unaided and aided measures of hearing handicap via the HHIE have been offered as another one of several alternative measures of "subjective benefit," the resulting factor solution indicates that handicap reduction is independent of other measures of perceived "helpfulness" or subjective benefit. That is, a significant reduction in hearing handicap with hearing-aid use does not imply that the hearing aids will also be judged to be "helpful" in everyday communication and vice versa. Finally, the loading of multiple measures of like kind, despite different test format or composition, on the same underlying factor serves to cross-validate those measures as potential measures of that underlying construct. For example, regarding "subjective benefit," the 64-item HAPI measure, with each item devoted entirely to measures of "helpfulness," was associated with the same underlying factor as fewer items on hearing-aid "helpfulness" embedded in other more comprehensive and independent measures of hearing-aid outcome, such as the GHABP or the HAQ. The same is true for hearing-aid use-measured with the GHABP, the HAQ, or through the use of the daily hearing-aid usage diaries-and hearing-aid satisfaction, whether measured with the GHABP or the HASS. Again, although each of these measures appears to be a valid measure of a particular dimension of hearing-aid outcome, this does not mean that all such measures are equally reliable. In general, all other things being equal, the greater the number of items in a test or trials in a measurement, the more reliable the resulting score. So, for example, although the factor analysis suggests that the scores from the four GHABP items on hearing-aid satisfaction and the 42 items on hearing-aid satisfaction in the HASS are measuring the same thing, as noted previously, the reliability (or internal consistency) of the For the oblique rotation of principal components, promax rotation was used and Kappa values (k) for the promax approach were varied over the recommended range (k = 2, 3, and 4; Pedhazur & Schmelkin, 1991) . The results for k = 4 represented the most extreme departure from the orthogonal rotation presented in Table  2 . That is, this oblique rotation yielded the highest interfactor correlations. For oblique factor rotation, a single matrix of factor loadings, like that provided in Table 2 for orthogonal rotation, does not emerge. Rather, two matrices of loadings or coefficients are generated: a pattern matrix and a structure matrix. (These matrices are identical in orthogonal solutions.) For the present analysis, the structure matrix, which represents the bivariate correlations between each variable and each rotated factor, provided the most insight into the nature of the between-factor correlations for the outcome measures and is presented in Table 3 . Comparison with the matrix presented in Table 2 makes two general observations readily apparent. First, the interpretations of each of the seven dimensions for the oblique rotation in Table  3 are identical to those for the orthogonal rotation in Table  2 . That is, subjective benefit and satisfaction measures show the highest structure coefficients for the first factor in both tables, aided speech-recognition scores and HHIE scores for the second factor in both tables, and so on. Second, there are more variables following oblique rotation (Table 3) that have low-to-moderate loadings on multiple factors, reflecting the correlation between factors for this rotation scheme. For example, consider the third factor, interpreted as representing hearing-aid use, in Tables 2 and 3 . In both tables, the three measures of hearing-aid use (use diary, GHABP-use, HAQ-use) show high coefficients (>0.8) for the third factor. For the orthogonal solution in Table 2 , these same three outcome measures are not correlated strongly (coefficients < 0.4) with any of the six other hearing-aid-outcome factors available. For the oblique factor solution in Table 3 , however, two of these three outcome measures exhibit moderate correlations with the first principal component, interpreted here as subjective benefit and satisfaction. Likewise, some of the measures of subjective benefit and satisfaction with high structure coefficients for the first factor in Table 3 also exhibit moderate loadings on the third factor (hearing-aid use) in this table. Again, these moderate loadings with other factors reflect the interfactor correlations that are permissible within oblique factor-rotation schemes. The pattern of structure coefficients in Table 3 , therefore, suggests that there may be some association between the first factor (subjective benefit and satisfaction) and the third factor (hearing-aid use).
Better insight into the correlations among principal components can be gleaned from examination of the component correlation matrix. Such a correlation matrix is provided in Table 4 for the promax oblique factor rotation with k = 4. Again, lower values of k (2 or 3) yielded weaker between-factor correlations than those in Table 4 . The component correlation matrix in Table 4 reveals that there are generally weak correlations among the seven principal components in this oblique solution, with the strongest correlations being between the third component (hearing-aid use) and the first two components (subjective benefit and satisfaction, aided performance). Even here, though, the intercomponent correlations are less than 0.37. Thus, the seven distinct dimensions of hearing-aid outcome that emerged in this study can be modeled as independent (orthogonal) factors, although there may be some relatively weak linkages between some of the dimensions.
Having established the existence of seven distinct dimensions of hearing-aid outcome with various measures of each dimension-dimensions that appear to be largely independent-it is now possible to develop a battery of hearing-aid outcome measures that could be administered following one month of hearing aid use and would capture the relevant aspects of outcome. From such a battery of tests, a profile of hearing-aid outcome could be established. Such a profile could, in turn, be developed for individual hearing-aid wearers to evaluate their performance compared to that of a "typical" hearing-aid user.
At this point, however, it would be premature to develop such a battery or profile of hearing-aid outcome.
Several key issues are as yet unresolved regarding implementation of such an approach. First, the focus in this study has been on the performance of hearingaid wearers following one month of hearing-aid use. Although this is a significant measuring point in routine clinical practice given the requirement for a 30-day trial period, ultimately one is most interested in hearing-aid outcome over a longer period of use. It is unclear whether the factor structure that emerged in this study will be stable over time. Once all of the participants in this study have reached the 6-month and 12-month post-fit intervals and the outcome measurements have been replicated, it will be possible to assess the stability of the measures and the resulting factor structure. Preliminary data on a much smaller sample of participants (Humes et al., 1996) indicated that many of the outcome measures used in this study were stable over a 12-month period. Presumably then, the factor structure that emerged from these same measures would also be stable, but that remains to be confirmed directly. Second, although seven independent dimensions of hearing-aid outcome emerged from the factor analysis conducted in this study, the relevance or importance of each dimension has yet to be established. For example, the seventh independent dimension of hearing-aid outcome established here was that associated with the judgments of sound quality. These results indicated that such sound-quality measures captured an independent aspect of hearing-aid outcome and that 4.9% of the total variance was accounted for by this dimension of outcome. Thus, individual variations in sound-quality measures are independent of individual variations in subjective benefit or satisfaction, aided speech-recognition performance, objective benefit, and so on. However, it is unclear whether such individual variations in sound-quality judgments are relevant to successful hearing aid use. Because several of the 173 participants in this study opted to return their hearing aids for credit after the completion of the one-month outcome measurements and it is likely that still more will discontinue hearing-aid use through the first 6-12 months of use, it will be possible to partition participants into groups of "successful" and "unsuccessful" hearing-aid wearers. Group differences in performance along any of the seven dimensions of hearing-aid outcome will assist in establishing the "relevance" of that particular dimension to successful hearing-aid use. If, for example, successful hearing-aid users differ significantly from unsuccessful users in terms of their soundquality judgments, low scores on this outcome measure would be of concern and would suggest the development of some form of intervention to attempt to improve the perceived sound quality and thereby enhance the prospects for a successful outcome.
In addition, it should be emphasized that these findings hold for elderly users of binaurally fit linear ITE hearing aids. Whether the results of this study can be extended to other age groups, other hearing-aid circuits, or other types of hearing aids remains to be seen. In addition, the number of distinct outcome dimensions observed here is, to some extent, dependent upon the number of variables included in the factor analysis. For example, it is never possible to obtain more factors in the solution than variables in the analysis. Thus, with fewer than seven outcome measures, it would not be possible to obtain seven outcome dimensions, as observed here. On the other hand, it is also the case that, as the number of variables increase, the number of dimensions in the factor solution are also likely to increase. Considerable effort was expended here, however, to reduce the number of variables in each domain before factor analysis. For example, as described previously, the 42-item HASS was reduced to two scales of satisfaction, the sound-quality measures were reduced to two measures from a possible 32 (4 listening conditions and 8 quality dimensions), and so on, which resulted in the 26 outcome measures noted in Table 1 . In addition, hearingaid "outcome" was defined broadly in this study, with measures intentionally included from a large number of potential domains (satisfaction, usage, subjective benefit, objective benefit, aided performance, sound quality, etc.). Had the same number of outcome measures (26) been used in this study, but with outcome defined exclusively in only one domain, such as aided speechrecognition performance, it is unlikely that the underlying factor structure that would have emerged would be the same as that observed here. Thus, the ability to generalize the present findings is necessarily constrained, not just by the pool of participants or the type of hearing instrument, but also by the number and diversity of outcome measures included. In this study, the characteristics of the participants and hearing aids were constrained, whereas the definition of hearing-aid "outcome" was defined very broadly.
Finally, a wide array of pre-fit measures were obtained from the 173 participants in this study. A separate paper will describe these results and the ability of these pre-fit measures to predict individual variations in each of the seven dimensions of hearing-aid outcome established in this study. It is entirely possible that individual variations in a given dimension of hearing-aid outcome might be predictable from individual variations in a prefit measure. Perhaps, for example, the amount of highfrequency hearing loss is an accurate predictor of objective benefit for soft or conversational speech. If so, then measurement of performance along this particular dimension of hearing-aid outcome may not be necessary because it can be predicted accurately by some other commonly obtained pre-fit measure. Such an observation, although not affecting the number or type of outcome dimensions to be included in a profile of hearing-aid outcome, would affect the manner in which performance along this dimension of outcome would be assessed clinically.
In summary, once the stability, relevance, and predictability of the seven dimensions of hearing-aid outcome have been established, it may be possible to propose a battery of hearing-aid outcome measures for clinical use. In the interim, it has been established in this study that a complete picture of hearing-aid outcome can be obtained only by assessing performance along seven distinct and largely independent dimensions of hearing-aid outcome. It would appear that this would be true whether attempting to document the positive impact of hearing-aid use or the comparative effects of different types of hearing-aid technology.
